Ketamine is an NMDA receptor (NMDAR) antagonist that elicits rapid antidepressant responses in patients with treatment-resistant depression. However, ketamine can also produce psychotomimetic effects that limit its utility as an antidepressant, raising the question of whether the clinically tolerated NMDAR antagonist memantine possesses antidepressant properties. Despite its similar potency to ketamine as an NMDAR antagonist, clinical data suggest that memantine does not exert rapid antidepressant actions for reasons that are poorly understood. In this study, we recapitulate the ketamine and memantine clinical findings in mice, showing that ketamine, but not memantine, has antidepressant-like effects in behavioral models. Using electrophysiology in cultured hippocampal neurons, we show that ketamine and memantine effectively block NMDAR-mediated miniature excitatory postsynaptic currents in the absence of Mg 2+ . However, in physiological levels of extracellular Mg 2+ , we identified key functional differences between ketamine and memantine in their ability to block NMDAR function at rest. This differential effect of ketamine and memantine extends to intracellular signaling coupled to NMDAR at rest, in that memantine does not inhibit the phosphorylation of eukaryotic elongation factor 2 or augment subsequent expression of BDNF, which are critical determinants of ketamine-mediated antidepressant efficacy. These results demonstrate significant differences between the efficacies of ketamine and memantine on NMDAR-mediated neurotransmission that have impacts on downstream intracellular signaling, which we hypothesize is the trigger for rapid antidepressant responses. These data provide a novel framework on the necessary functional requirements of NMDAR-mediated neurotransmission as a critical determinant necessary to elicit rapid antidepressant responses. eEF2 | spontaneous neurotransmission
Ketamine is an NMDA receptor (NMDAR) antagonist that elicits rapid antidepressant responses in patients with treatment-resistant depression. However, ketamine can also produce psychotomimetic effects that limit its utility as an antidepressant, raising the question of whether the clinically tolerated NMDAR antagonist memantine possesses antidepressant properties. Despite its similar potency to ketamine as an NMDAR antagonist, clinical data suggest that memantine does not exert rapid antidepressant actions for reasons that are poorly understood. In this study, we recapitulate the ketamine and memantine clinical findings in mice, showing that ketamine, but not memantine, has antidepressant-like effects in behavioral models. Using electrophysiology in cultured hippocampal neurons, we show that ketamine and memantine effectively block NMDAR-mediated miniature excitatory postsynaptic currents in the absence of Mg 2+ . However, in physiological levels of extracellular Mg 2+ , we identified key functional differences between ketamine and memantine in their ability to block NMDAR function at rest. This differential effect of ketamine and memantine extends to intracellular signaling coupled to NMDAR at rest, in that memantine does not inhibit the phosphorylation of eukaryotic elongation factor 2 or augment subsequent expression of BDNF, which are critical determinants of ketamine-mediated antidepressant efficacy. These results demonstrate significant differences between the efficacies of ketamine and memantine on NMDAR-mediated neurotransmission that have impacts on downstream intracellular signaling, which we hypothesize is the trigger for rapid antidepressant responses. These data provide a novel framework on the necessary functional requirements of NMDAR-mediated neurotransmission as a critical determinant necessary to elicit rapid antidepressant responses. eEF2 | spontaneous neurotransmission K etamine is a noncompetitive glutamate NMDA receptor (NMDAR; also called GluN) antagonist that has been shown to mediate rapid antidepressant efficacy in patients with treatmentresistant major depression (1) (2) (3) . The antidepressant effects of ketamine are fast-acting, with some patients reporting effects as soon as 30 min to within a few hours following a single i.v. lowdose injection of ketamine. However, ketamine can produce adverse psychotomimetic effects, which may limit its use as an antidepressant. Traditional antidepressant drugs target the monoamine system and typically require several weeks of treatment to mediate a therapeutic effect. There is an urgent need for rapid antidepressant drugs, and the clinical data with ketamine suggest that blocking the NMDAR may be a viable therapeutic target.
Memantine is a noncompetitive NMDAR antagonist that has been approved by the US Food and Drug Administration for the treatment of Alzheimer's disease. Memantine is a generally welltolerated drug that lacks the aversive effects (4) observed with ketamine at therapeutic doses. However, attempts to test memantine as an antidepressant in individuals with major depression have yielded mixed results following long-term drug treatment, with no evidence of rapid antidepressant effects (5-7). A better understanding of why ketamine, but not memantine, produces a fast-acting antidepressant response has clinical implications and may provide novel information critical for the development of rapid antidepressant therapeutics based on NMDAR antagonism, with fewer side effects.
There is much interest in identifying the molecular mechanism that underlies the rapid antidepressant response of ketamine. In recent work, we demonstrated that the fast-acting antidepressant effect of ketamine requires deactivation of eukaryotic elongation factor 2 kinase (eEF2K) and subsequent desuppression of BDNF protein translation in the hippocampus (8, 9) . We hypothesize that low-dose ketamine mediates its rapid antidepressant response by blockade of spontaneous glutamate release-mediated NMDAR activity. This blockade, in turn, decreases calcium (Ca
2+
) flow through the receptor, inhibiting eEF2K activity and resulting in decreased levels of phosphorylated eukaryotic elongation factor 2 (eEF2) (10) (11) (12) and desuppression of BDNF protein synthesis (8, 9, 13) . In this study, we compared ketamine with memantine in their effectiveness to block NMDAR activation during spontaneous neurotransmission, subsequently inhibiting eEF2K and increasing BDNF protein translation. Our results reveal key differences between the effects of ketamine and memantine on resting NMDAR-mediated neurotransmission and subsequent intracellular signaling pathways that may explain the mechanistic differences between these two drugs in eliciting rapid antidepressant effects.
Significance
Ketamine is an NMDA receptor (NMDAR) antagonist that elicits rapid antidepressant responses in patients with treatmentresistant depression. However, ketamine can also produce adverse side effects, which raised interest in whether the clinically tolerated NMDAR antagonist memantine can elicit similar fast antidepressant action. Rather surprisingly, clinical data have shown that memantine does not trigger rapid antidepressant effects for reasons that have yet to be elucidated. Here, we reconstitute the ketamine and memantine clinical findings in animal models and, combined with the analysis of synaptic function and subsequent intracellular signaling, demonstrate significant differences between the efficacies of ketamine and memantine on NMDAR-mediated neurotransmission and downstream intracellular signaling. These findings suggest a potential mechanism to explain the earlier clinical observations.
Results
Acute Memantine Treatment Does Not Trigger a Fast-Acting Antidepressant Response. We assessed whether memantine affects locomotor activity immediately following drug treatment. In all experiments, we included a ketamine group as a direct comparison, which has previously been shown to elicit an antidepressant response in mice 30 min after administration without effects on locomotor activity at this time point (8, 9, 14, 15) . To examine a range of doses for the effects of this drug in vivo, we injected memantine at 20 mg/kg, a dose reported to have neuroprotective effects in rodents (16); 10 mg/kg, a dose that blocks morphine dependence (17) ; and 3 mg/kg, a dose that prevents estrogendependent tolerance to morphine. We found that a 3-, 10-, or 20-mg/kg dose of memantine did not have any effect on total locomotor activity in comparison to the saline-treated mice during the 60-min testing period (Fig. 1A, Inset) . We examined the data in 5-min epochs and also did not find any significant differences between mice treated with memantine compared with saline (Fig. 1A) . Ketamine caused an initial increase in locomotor activity during the first 10 min following drug administration; however, there were no significant differences in activity during the remaining 50 min of the test, specifically at the 30-min time point when antidepressant responses are measured (Fig. 1A) .
We next examined whether memantine produces rapid antidepressant effects in the forced swim test (FST). In agreement with previous data, ketamine significantly reduced the immobility time at 30 min following injection, suggestive of an antidepressant response (8, 9) (Fig. 1B) . In contrast, a single injection of memantine at 3 or 10 mg/kg did not significantly alter immobility time in the FST at 30 min (Fig. 1B) . Using separate cohorts of mice, we found that ketamine caused a significant decrease in immobility time at 8 or 24 h following acute administration in the FST that was not observed with either 3 or 10 mg/kg of memantine (Fig. 1B) . Rather unexpectedly, mice treated with 20 mg/kg of memantine had severe adverse effects in the FST, including general motor instability and drowning; thus, to avoid potential complications and undue stress to the animals, we did not use this dose in vivo in subsequent experiments.
A different cohort of C57BL/6 mice was used to assess whether memantine triggers a rapid antidepressant effect in the novelty suppressed feeding (NSF) test. In agreement with previous data, a single low-dose injection of ketamine administered 30 min before testing significantly reduced the time required to initiate eating in the mice, suggestive of an antidepressant response (8, 9) (Fig. 1C) . However, a single injection of memantine at either 3 or 10 mg/kg did not reduce the time required for the mice to initiate feeding compared with saline. We also found that neither ketamine nor memantine treatment had any significant effect on the mice's appetite, ruling out a possible confound to the NSF test (Fig. 1D ).
Memantine Exhibits Reduced NMDAR Blockade in Physiological
Magnesium. We examined ketamine, memantine, and the commonly used NMDAR antagonist R-2-amino-5-phosphonopentanoate (AP5) regarding their ability to block NMDAmediated miniature excitatory postsynaptic currents (mEPSCs) in cultured hippocampal neurons. To record NMDA-mEPSCs, the extracellular recording solution did not include the endogenous NMDAR pore blocker, magnesium (Mg 2+ ); however, the AMPA receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline-2,3-dione (NBQX) was added. To measure the total decrease in charge transfer conferred by the NMDAR antagonists, baseline NMDAR-mEPSCs were recorded for 4 min. Each of the individual NMDAR antagonists, AP5 ( Fig. 2A) , ketamine ( Fig. 2C ), or memantine ( Fig. 2E) , was then perfused into the bath, and recordings were continued for an additional 4 min. Analysis before and after drug application by an observer blinded to the treatment revealed that perfusion of AP5, ketamine, and memantine resulted in a significant and similar reduction in charge transfer of NMDAR-mEPSCs ( Fig. 2 B, D, and F). This finding is in agreement with recent results demonstrating equal efficacy of ketamine and memantine in blockade of NMDARmediated responses (16) .
Next, we evaluated whether ketamine and memantine show similar efficacy in blockade of spontaneous glutamate releasemediated NMDAR responses under physiological levels of Mg 2+ blockade. Previous work from our group has shown that acute treatment with AP5 under physiological conditions, 1.25 mM Mg 2+ , and −67 mV holding potential causes a significant decrease in decay time and charge transfer of mEPSCs (18), suggesting a significant contribution of NMDARs to glutamatergic neurotransmission at rest. Using whole-cell patch-clamp methods in the presence of 1.25 mM Mg 2+ , dual-component mEPSCs were recorded from dissociated hippocampal neurons before and subsequent to treatment with AP5 (Fig. 3A) , ketamine (Fig. 3F ), or memantine (Fig. 3K) . As previously reported, AP5 perfusion caused a significant reduction in the area and decay time of mEPSCs (18) (Fig. 3 C and D) . We found that ketamine treatment also significantly decreased mEPSC area and decay time, indicative of blocking the NMDAR component of the mEPSC (Fig. 3 H and I) . In contrast, memantine treatment caused no significant change in the mEPSC area or decay time under physiological conditions ( Fig. 3 M and N) . We also found that none of the NMDAR antagonists examined caused a change in the average amplitude of mEPSCs (Fig. 3 E, J, and O) .
To test our model that blockade of the NMDAR at rest mediates a fast-acting antidepressant response, we assessed the ability of another noncompetitive NMDAR antagonist, Dizocilpine (MK-801), to block NMDAR-mEPSCs in the absence of Mg 2+ and the NMDAR component of mEPSCs in the presence of physiological concentrations of Mg 2+ . We chose MK-801 because we had previously demonstrated that acute treatment with MK-801 causes a significant decrease in immobility time in the FST 30 min after drug administration (8) . Similar to AP5, ketamine, and memantine, perfusion of MK-801 caused a substantial inhibition of NMDAR-mEPSCs ( Fig. S1 A and B) , indicating that it is able to block the NMDAR at rest when no Mg 2+ is included in the recording solution. MK-801 treatment also caused a significant decrease in the decay time of mEPSCs, a strong trend toward a decrease in the area of mEPSCs in the presence of 1.25 mM Mg 2+ , and no change in mEPSC amplitude, which closely mimics the effects of AP5 and ketamine (Fig. S1 C-F ).
Ketamine and Memantine Have Differing Intracellular Signaling Effects.
The fast-acting antidepressant effect of ketamine is dependent on protein translation (8) . The increase in protein translation following administration of ketamine is hypothesized to be mediated through blockade of NMDARs at rest, which inhibits eEF2K, resulting in decreased phosphorylation of eEF2 followed by desuppression of BDNF protein translation. We examined whether memantine treatment affects eEF2 phosphorylation and BDNF expression in the hippocampus by Western blot analysis.
In agreement with previous data, ketamine treatment triggered a significant decrease in phosphorylation of eEF2 (Fig. 4 A and  C) and a significant increase in BDNF protein levels compared with vehicle 30 min following injection (8, 9) (Fig. 4 B and D) . In contrast, memantine did not alter the phosphorylation level of eEF2 or total eEF2 (Fig. 4 A and C) and did not have any significant effect on BDNF protein levels (Fig. 4 B and D) .
We previously demonstrated that ketamine-mediated effects on eEF2 phosphorylation and BDNF protein abundance are transient and disappear by 24 h postinjection (8) . However, to determine whether memantine may mediate effects on eEF2 phosphorylation and BDNF protein levels at later time points, we examined these protein levels 8 or 24 h after acute injection. As with previous data, ketamine treatment did not cause any significant changes in eEF2 phosphorylation at 8 h (Fig. 4 E and G) or 24 h (Fig. 4 I and K) . Additionally, there was no change in BDNF protein at 8 h (Fig. 4 F and H (Fig. 4 E-H ) or 24 h (Fig. 4 I-L) after drug administration.
Discussion
In this study, we used behavioral, electrophysiological, and biochemical approaches to compare the actions of ketamine and memantine on antidepressant-like effects in behavioral models, spontaneous NMDAR-mEPSCs, and downstream signaling in the hippocampus to work out a mechanistic explanation for why ketamine, but not memantine, is able to exert rapid antidepressant actions. In this way, we recapitulated the clinical findings of ketamine and memantine in mice, showing that ketamine, but not memantine, has antidepressant-like effects in behavioral models. Electrophysiological analysis revealed that ketamine and memantine antagonize the NMDAR at rest when Mg 2+ is absent. However, only ketamine blocks the NMDAR at rest when physiological concentrations of Mg 2+ are included in the external solution, providing a key functional difference between ketamine and memantine in their ability to block NMDAR function at rest. The differential functional effects of ketamine and memantine on NMDAR-mEPSCs extend to intracellular signaling coupled to NMDARs at rest. We found that memantine does not inhibit the phosphorylation of eEF2 or augment subsequent BDNF protein expression, which are critical determinants of ketamine-mediated antidepressant efficacy. Collectively, these results identify key functional differences between ketamine and memantine in their ability to suppress NMDAR function at rest, and thus inhibit the eEF2K signaling pathway, providing insight into the mechanistic basis for NMDAR antagonism and rapid antidepressant action.
Recent clinical findings demonstrating that ketamine shows rapid antidepressant effects in patients with major depression (1-3) have triggered a great deal of interest in the field of depression research. However, even the low-dose ketamine used in the depression studies causes psychotomimetic effects in some patients, with the potential for abuse (19) . To circumvent these potential liabilities associated with ketamine, there has been interest in investigating whether memantine possesses the antidepressant properties of ketamine. However, in two recent clinical trials, chronic memantine did not elicit an antidepressant response in depressed patients compared with patients given placebo (5, 7). In a separate open-label trial, depressed patients treated with chronic memantine did show some clinical improvement in ratings of their depression symptoms 1 wk after starting daily dosing and continuing for at least 12 wk; however, this study did not contain a placebo control group (6) . Ketamine has faster pharmacokinetics following in vivo administration than memantine, and it is likely to reach peak concentration in brain much faster than memantine. In addition, in vitro studies The application of AP5, ketamine, and memantine caused a significant decrease in charge transfer (Student's paired t test: AP5: *P = 0.019, n = 6 coverslips; ketamine: *P = 0.025, n = 6 coverslips; memantine: *P = 0.043, n = 7 coverslips).
suggest that ketamine has slightly higher potency than memantine. However, given that the clinical studies used chronic memantine treatment yet memantine lacked antidepressant properties, it seems unlikely that the clinical differences between these two drugs are due to differences in pharmacokinetics and/ or affinity. The clinical findings demonstrating differences between ketamine and memantine in triggering rapid antidepressant responses are rather surprising, because both drugs are noncompetitive NMDAR antagonists that block the receptor when it is in an open configuration (16, 20) . Importantly, the two compounds do not show significant differences in their ability to block NMDAR-mediated synaptic or extrasynaptic currents in the absence of physiological Mg 2+ (16) . Although our findings agree with this earlier work, we could detect a biologically significant difference in their differential ability to block the NMDAR component of mEPSCs in the presence of physiological levels of Mg 2+. Therefore, we propose that the disparity in rapid antidepressant responses between these compounds is likely due to differences in how they affect NMDAR function at rest under physiological conditions. Previous work has shown that ketamine and memantine block the NMDAR by binding inside of the ion channel in an area overlapping the binding site for Mg 2+ , which blocks the channel in a voltage-dependent manner (21) . In the absence of Mg 2+ , ketamine is more potent than memantine in the blockade of the two most highly expressed GluN2 subunits in the hippocampus, GluN2A and GluN2B, as evidenced by lower IC 50 values (GluN1/ GluN2A: memantine, ∼0.80 μM, vs. ketamine, ∼0.33 μM; GluN1/ GluN2B: memantine, ∼0.57 μM, vs. ketamine, ∼0.31 μM) (22) , which may indicate a higher affinity for the receptor. Under more physiological conditions in the presence of Mg 2+ , ketamine (IC 50 : GluN1/GluN2A, ∼5.35 μM; GluN1/GluN2B, ∼5.08 μM) is still more potent than memantine (IC 50 : GluN1/Glu2A, ∼13.4 μM; GluN1/GluN2B, ∼10.4 μM) (22) . However, the difference seen between the ability of memantine and ketamine to block GluN2A and GluN2B containing NMDARs is not extended to GluN2C and GluN2D containing NMDARs without Mg 2+ present (GluN1/ GluN2C: memantine, ∼0.52 μM, vs. ketamine, ∼0.51 μM; GluN1/ GluN2D: memantine, ∼0.54 μM, vs. ketamine, ∼0.83 μM) (22) . There also appears to be no significant difference in blockade of GluN2C and GluN2D containing NMDARs by memantine (GluN1/GluN2C: ∼1.61 μM, GluN1/GluN2D: ∼1.76 μM) or ketamine (GluN1/GluN2C: ∼1.18 μM, GluN1/GluN2D: ∼2.95 μM) when Mg 2+ is included in the external solution (22) . Additionally, it seems unlikely that any differences found between ketamine and memantine would be mediated by GluN3 containing NMDARs, because they do not show significant sensitivity to blockade by Mg 2+ or use dependent blockers (23, 24) . Because our experiments specifically assess the ability of memantine to block NMDAR-mediated mEPSCs in the presence of Mg 2+ in cultured hippocampal neurons, the twofold difference between the abilities of ketamine and memantine to block NMDAR-mediated transmission in the presence of Mg 2+ could partly explain our observations. Recent electrophysiological studies have shown that blockade of the NMDAR by Mg 2+ is incomplete, even at physiological resting potentials, allowing for a significant amount of current to flow through the NMDAR (9, 18, 25) . These results are in agreement with classical studies that assessed the degree of NMDAR blockade by Mg 2+ at near-resting membrane potentials (26) (27) (28) (29) . Therefore, our current findings demonstrating that ketamine, but not memantine, blocks the NMDAR-mediated component of mEPSCs when Mg 2+ is present may provide a functional explanation for how these two compounds have differing effects as fast-acting antidepressants.
The importance of blockade of NMDAR-mEPSCs as a key determinant in the rapid antidepressant action of ketamine extends to intracellular signaling coupled to NMDAR at rest. Blockade of NMDAR-mEPSCs has been linked to the control of dendritic protein translation by decreasing calcium influx through the NMDAR into the synapse, leading to decreased phosphorylation of eEF2 by eEF2K and desuppression of protein translation (10, 12), thus providing a potential mechanism for (Center) Average traces of 100 mEPSCS before (black trace) and after (red trace) perfusion of AP5 (B), ketamine (G), or memantine (L), with the calculated difference trace (gray). (C, H, and M) Both AP5 and ketamine caused a significant decrease in mEPSC area, whereas no significant differences were measured with memantine (Student's paired t test: AP5: *P = 0.031, n = 7 coverslips; ketamine: *P = 0.039, n = 8 coverslips; memantine: P = 0.357, n = 15 coverslips). Application of AP5 (D) and ketamine (I) caused a significant decrease in mEPSC decay time compared with control groups, with no changes detected with memantine (N) (Student's paired t test: AP5: *P = 0.013, n = 7 coverslips; ketamine: **P = 0.003, n = 8 coverslips; memantine: P = 0.695, n = 15 coverslips). mEPSC amplitude was not affected by AP5 (E), ketamine (J), or memantine (O) application (Student's paired t test: AP5: P = 0.244, n = 7 coverslips; ketamine: P = 0.926, n = 8 coverslips; memantine: P = 0.153, n = 15 coverslips).
ketamine's rapid antidepressant effects. The rapid antidepressant effects of ketamine have also been suggested to be mediated by mammalian target of rapamycin (mTOR)-dependent synapse formation, although it remains unclear how blockade of the NMDAR activates mTOR (30) . BDNF is a potent activator of mTOR; thus, the blockade of NMDAR-mEPSCs and inactivation of eEF2K, leading to decreased phosphorylation of eEF2 and, ultimately, up-regulation of BDNF protein expression, may well explain the mTOR findings (31) . In this study, we found that memantine does not inhibit the phosphorylation of eEF2 or augment subsequent expression of BDNF, which are necessary requirements for ketamine-mediated antidepressant efficacy (8, 9, 13) . The differential actions of ketamine and memantine on NMDAR function at rest, coupled with differential effects on downstream intracellular signaling pathways coupled to these receptors, further corroborate the functional requirements of NMDAR-mediated neurotransmission at rest as a necessary determinant of rapid antidepressant responses.
In the present study, our data strengthen and extend our previous findings that decreased eEF2 phosphorylation triggered by ketamine-mediated blockade of NMDAR-mEPSCs is critical for the rapid antidepressant effect (8, 9, 13) . These findings provide a mechanistic explanation for why ketamine, but not memantine, is able to exert rapid antidepressant actions, which provides important information for the development of more effective antidepressants based on NMDAR antagonism with fewer side effects.
Materials and Methods
Mice and Drug Treatments. Male C57BL/6 mice aged 6-8 wk old were habituated to the animal facility for 1 wk before testing. Mice were kept on a 12/12-h light/dark cycle and allowed ad libitum access to food and water, except where indicated. Mice were injected i.p. to mimic the route of administration in humans more closely. Mice were injected with drug 30 min, 8 h, or 24 h before testing or euthanasia to assess behavior and molecular events at the time of initial antidepressant responses, with the exception of the studies examining locomotor activity, in which mice were injected and immediately placed in the boxes to assess drug effects with time. Memantine hydrochloride (3.0, 10, or 20 mg/kg; Sigma) and ketamine (2-3 mg/kg; Fort Dodge Animal Health) were dissolved in saline. Experiments were conducted by an observer blinded to drug treatment. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Texas Southwestern Medical Center.
Locomotor Activity. Following a 1-h habituation period in the testing room, mice were injected with saline, ketamine, or memantine; they were then placed under red light into standard cages, and locomotor activity was measured for 60 min by photocell beams linked to computer acquisition software (San Diego Instruments).
FST. The FST was performed according to published protocols (8) . Briefly, mice were video-recorded in a 4-L glass beaker containing 3 L of 24 ± 1°C water for 6 min. The last 5 min of each 6-min trial were scored by a blinded observer to determine the time spent immobile.
NSF Test. The NSF test was performed according to published protocols (8) . Mice were food-deprived for 24 h before the test and then habituated to the behavioral room for 1 h before testing. A mouse was placed into a 42 × 42-cm open field with a food pellet placed in the center and allowed to explore for up to 5 min, with the time required to initiate eating the food pellet determined. To assess differences in appetite, the amount of food consumed in a 5-min period for each mouse in its home cage was measured.
Cell Culture. Dissociated hippocampal cultures were prepared as previously described (8) . Whole hippocampi were dissected from postnatal day 0-3 (P0-P3) C57BL/6 mice; they were then trypsinized (∼10 mg/mL trypsin; Invitrogen), mechanically dissociated, and plated on Matrigel (BD Biosciences)-coated coverslips. At 1 d in vitro (DIV), 4 μM cytosine arabinoside (ARAC; Sigma) was added; at 4 DIV, the ARAC concentration was reduced to 2 μM. All experiments were done on 14-to 21-DIV cultures. Electrophysiology. Whole-cell patch-clamp recordings were performed on hippocampal pyramidal neurons. Data were acquired using a MultiClamp 700B amplifier and Clampex 10.0 software (Molecular Devices). Recordings were sampled at 100 μs and filtered at 2 kHz, with a gain of 5. The external Tyrode's solution contained 150 mM NaCl, 4 mM KCl, 2 mM CaCl 2 , 10 mM glucose, and 10 mM Hepes (pH 7.4) at ∼300 mOsm. The external MgCl 2 concentration was either 0 mM or 1.25 mM, depending on the experiment. The pipette internal solution contained 110 mM K-gluconate, 20 mM KCl, 10 mM NaCl, 10 mM Hepes, 0.6 mM EGTA, 4 mM Mg-ATP, 0.3 mM Na-GTP, and 10 mM lidocaine N-ethyl bromide (QX-314) (pH 7.3) at ∼300 mOsm. Pipettes had a resistance between 3 and 6 MΩ. The junction potential between the external solution and internal solution was ∼12 mV, and it was subtracted from all recordings. NMDAR-mediated mEPSCs were recorded in the presence 1 μM tetrodotoxin (TTX; EMD Millipore), 50 μM picrotoxin (PTX; Sigma), and 10 μM NBQX (Sigma) for 4 min before and 4 min after the application of 50 μM AP5, 50 μM ketamine, 50 μM memantine, or 50 μM MK-801. Dualcomponent mEPSCS were recorded at −67 mV in the presence 1 μM TTX and 50 μM PTX for 4 min before and 4 min after the application of 50 μM AP5, 50 μM ketamine, 50 μM memantine, or 50 μM MK-801.
Data Analysis. To isolate mEPSCs recorded in the absence or presence of the NMDAR antagonists, events were selected using a template search in pClamp 10.0. The experimenter was blinded to drug condition for time shift analysis and averaging of mEPSCs. For comparison of mEPSCs in each cell before and after drug application, 100 mEPSCs under steady-state conditions (∼2 min into the recording or after solution exchange) were averaged. Charge transfer calculations were performed for before and after comparisons of NMDAR-mEPSCs on the entire 4-min recording.
Protein Quantification. Anterior hippocampal slices (two to three per mouse, ∼1-mm thick) were dissected and flash-frozen from mice 30 min following drug injection. Hippocampal tissue was lysed in a buffer containing phosphatase and protease inhibitors (Roche). Protein concentration was quantified with Bradford analysis. Approximately 30 μg of protein was run on SDS/ PAGE gels and then transferred to PVDF membranes activated in methanol. Primary antibodies were used at the following dilutions: BDNF (ab108319; Abcam), 1:1,000; GAPDH (2118s; Cell Signaling), 1:50,000; and phosphorylated eEF2 (Thr56) and total eEF2 (2331s and 2332, respectively; Cell Signaling), 1:2,000. Total and phospho-eEF2 primary antibody dilutions included 5% (vol/vol) BSA. After washing, the membranes were incubated with anti-rabbit secondary antibodies: BDNF, 1:5,000; GAPDH, 1:10,000; and phospho-eEF2 and total eEF2, 1:5,000. Protein bands were detected using ECL and exposed to film. Following development of phospho-eEF2 bands, membranes were stripped in buffer [25 mM glycine, 1% SDS (pH 2)] before blocking and reprobing with total eEF2 primary antibody. The films were analyzed using ImageJ (National Institutes of Health). Phospho-eEF2 intensity and total eEF2 intensity were measured as a ratio normalized to GAPDH. BDNF protein was normalized to GAPDH.
Statistical Analysis. Data are reported as mean ± SEM. Statistical differences were assessed using the unpaired or paired two-tailed Student's t test, oneway ANOVA, or two-way ANOVA when appropriate. Tukey and Bonferroni post hoc tests were used when appropriate. Statistical significance was defined as P < 0.05.
